The nature of the relationship between the metabolic rate (MR) and body mass (M) of animals has been the source of controversy for over seven decades, with much of the focus on the value of the scaling exponent b, where MR is proportional to M b . While it is well known that MR does not generally scale isometrically (i.e. b is seldom equal to 1), the value of b remains the subject of heated debate. In the present study, we examine the influence of an ecologically relevant abiotic variable, pH, on the metabolic allometry of an Australian freshwater fish, Rhadinocentrus ornatus. We show that the value of b is lower for rainbowfish acclimated to acidic (pH 5.0) conditions compared to rainbowfish acclimated to alkaline conditions (pH 8.5), but that acute exposure to altered pH does not alter the value of b. This significant effect of an abiotic variable on metabolic allometry supports a growing body of evidence that there is no universal value of b and demonstrates that experimental manipulations of metabolic allometry represent powerful, and as yet underused, tools to understand the factors that constrain and influence the allometry of metabolic rate.
INTRODUCTION
The relationship between metabolic rate and body mass is commonly described by the allometric equation MR ¼ aM b , where MR is metabolic rate, a is a normalization constant depending on the species and metabolic level, M the body mass and b is the metabolic scaling exponent, which is usually, but not always, calculated as the slope of the relationship between log MR and log M (Glazier 2005) . The influence of body mass on the MR of organisms has been the subject of debate since Kleiber (1932) reported an exponent of 3/4, which remains in widespread use (e.g. Moses et al. 2008; Savage et al. 2008; Allen & Gillooly 2009; Morlon et al. 2009 ) despite lacking universal acceptance (Dodds et al. 2001; Glazier 2005; White et al. 2007) . For example, intraspecific scaling exponents change during ontogeny (Killen et al. 2007; Frappell 2008) and differ from interspecific ones (Glazier 2005) , while interspecific exponents differ between ectotherms and endotherms, and vary with metabolic intensity Glazier 2008 (Packer & Dunson 1970; Hargis 1975) , and coagulation of mucus covering the gill filaments that increases the diffusion distances for O 2 and CO 2 and probably increases CO 2 retention, leading to further decreases in blood pH (Westfall 1945; Ultsch & Gros 1979 ).
An effect of pH on the scaling of MR might arise because, when compared to large fishes, small fishes have higher mass-specific rates of metabolism (e.g. Killen et al. 2007) and are likely to have blood with lower O 2 affinity (Schmidt-Nielsen & Larimer 1958) and greater pH sensitivity (i.e. a greater Bohr shift: Riggs 1960) . Thus, the problems associated with life at a low pH are likely to be size-dependent, and we hypothesize that this will manifest as a difference in the allometry of MR between individuals exposed to low and high pH.
MATERIAL AND METHODS
The ornate rainbowfish Rhadinocentrus ornatus (Melanotaeniidae, Atheriniformes) is a freshwater fish found in coastal lowland heath and rainforest ecosystems of eastern Australia, where they inhabit naturally acidic waters and have been recorded at pH values as low as 4.3 (Bayly et al. 1975) . Rainbowfish were maintained on a diet of Artemia, which were provided every second day.
One hundred and twenty fish were randomly assigned to four replicate 60 l tanks and were acclimated to either acid (pH 5.0, n ¼ 30 per tank) or alkaline (pH 8.5, n ¼ 30 per tank) conditions for a period of 28 -35 days (temperature ¼ 23.5 + 1.08C; dissolved O 2 ¼ 6.5 + 0.5 mg l
21
). Following acclimation, resting MR was measured using closed system respirometry. Fish were held within an aerated 390 ml glass chamber and fasted for 48 h prior to measurement. The chamber was then sealed, and O 2 saturation of water was measured using a fibre-optic oxygen sensor (Ocean Optics FOXY-R, Lastek, Adelaide, Australia) connected to a temperature-compensated O 2 meter (TauTheta MFPF-100-2, Lastek). The decline in O 2 saturation was continuously measured for a period of 70 min; data obtained during the first 10 min were discarded. Fish were then weighed to 0.001 g, and MR was calculated as the rate of O 2 consumption following Alton et al. (2007) .
Fish were then maintained under acclimation conditions for a further 28 days, but were not uniquely identified. Acid-acclimated individuals were then exposed for 48 h to aerated water at pH 8.5, and alkaline individuals were exposed for 48 h to aerated water at pH 5.0. MR and body mass were then measured as described above.
Log-transformed data were analysed using STATISTIXL v. 1.8 (www.statistiXL.com) and JMP v. 7.0.2 (SAS Institute, NC, USA). Differences between acclimation groups and between acute exposure groups were examined by testing the significance of a group Â log M interaction, with group and log M as fixed factors, Electronic supplementary material is available at http://dx.doi.org/10. 1098/rsbl.2009.0610 or via http://rsbl.royalsocietypublishing.org. and tank (nested within group) as a random factor. To ensure that the relationship between log M and log MR was linear and that the analyses were not unduly influenced by outliers and high leverage points, the analysis was then repeated with (i) a quadratic term included to check for nonlinearity in the relationship between log M and log MR and (ii) with data excluded for the largest fish acclimated to pH 5.0, the two largest fish acclimated to pH 8.5, and any value with a studentized residual greater than 2. Scaling exponents are presented +s.e., unless otherwise indicated, and a was set at 0.05 for all tests.
RESULTS AND DISCUSSION
The intraspecific scaling exponent of MR differed significantly between rainbowfish acclimated to acid and alkaline conditions, with the scaling exponent being higher under alkaline conditions (F 1,70 ¼ 6.6, p ¼ 0.01; figure 1a,b) . Similarly, the scaling exponent differed between fish acutely exposed to acid and alkaline conditions following acclimation to alkaline and acid conditions, respectively (F 1,55 ¼ 6.2, p ¼ 0.02; figure 1b,c) . Again, the scaling exponent was higher for animals acclimated to alkaline conditions. Quadratic terms were not significant in any case, indicating that the relationship between log M and log MR is linear (p-values for quadratic terms: figure 1a, p ¼ 0.88; figure 1b, p ¼ 0.17; figure 1c, p ¼ 0.27; figure 1d, p ¼ 0.43). Interaction terms remained significant for both the acclimation and acute comparisons when outliers and high leverage points were excluded (p ¼ 0.03 and 0.04, respectively, see electronic supplementary material for details). Thus, we conclude that, in ornate rainbowfish R. ornatus, the allometry of MR is modulated in response to environmental pH ( figure 1, table 1) .
While it is clear that pH alters the allometry of MR, the results of the present study do not reveal the causes of the size-dependent variation in MR, and many avenues remain open for further investigation of the mechanistic basis of the variation in metabolic allometry observed here. Metabolic depression is a common response to stressful conditions (Guppy & Withers 1999) , and many, but not all, fishes show a reduction in MR following exposure to low pH (e.g. Hargis 1975; Ultsch et al. 1980) . The critical partial pressure of O 2 for MR increases and aerobic scope decreases upon acidification (Ultsch et al. 1980) , and chronic acid exposure induces morphological changes including epidermal mucous cell hyperplasia (Zuchelkowski et al. 1981) , chloride cell hyperplasia and structural modification (Leino & McCormick 1984) , and gill remodelling that resembles the very rapid changes that occur following exposure to high temperature or hypoxia (Plonka & Neff 1969; McCormick et al. 1989; Sollid & Nilsson 2006) . Any of these changes are potentially size-dependent and might therefore contribute to the variation in metabolic allometry described here. The present study demonstrates a significant effect of an environmental variable on metabolic allometry, suggesting that theoretical studies which predict an invariant value of the allometric scaling exponent need to be expanded to accommodate environmental influences on the allometry of MR. Manipulations of metabolic allometry, such as the one presented in this study, represent powerful and as yet underused tools to understand the factors that constrain and influence the allometry of MR.
